1 Abbreviations used throughout this paper; GCMS (gas chromatography mass spectrometry), SEM (scanning electron microscopy), DSC (differential scanning calorimetry), EDX (energy dispersive X-ray spectroscopy). 
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ABSTRACT 21
Using cryo-SEM with EDX fundamental structural and mechanical properties of the moss 23
Ceratodon purpureus (Hedw.) Brid. were studied in relation to tolerance of freezing 24 temperatures. In contrast to higher plants, no ice accumulated within the moss during the 25 freezing event. External ice induced desiccation with the response being a function of cell 26 type; water-filled hydroid cells cavitated and were embolised at -4 °C while parenchyma cells 27 of the inner cortex exhibited cytorrhysis, decreasing to ~20 % of their original volume at a 28 nadir temperature of -20 °C. Chlorophyll fluorescence showed that these winter acclimated 29 mosses displayed no evidence of damage after thawing from -20 °C while GCMS showed that 30 sugar concentrations were not sufficient to confer this level of freezing tolerance. In addition 31 DSC showed internal ice nucleation occurred in hydrated moss at ~-12 °C while desiccated 32 moss showed no evidence of freezing with lowering of nadir temperature to -20 °C. Therefore 33 the rapid dehydration of the moss provides an elegantly simple solution to the problem of 34 freezing; remove that which freezes. 35
INTRODUCTION

37
In extreme climates (cold and/or dry) the availability of liquid water is one of the primary 38 limiting factors determining carbon gain and plant growth. In such places the availability of 39 liquid water is limited to "windows of opportunity" as rain falls or ice melts (depending on 40 the location). These growing seasons will change as global climate changes and temperature 41 extremes increase, thus affecting the functional biodiversity of plants. Increases in 42 temperature, particularly minimum temperatures, with global climate change will affect the 43 occurrence, severity and distribution of frost, including extreme freezing events. The species 44 most likely to be affected by these are likely to occur in the cool to cold climates at high 45 latitudes and high altitudes where seasonal temperatures and the length of the frost-free period 46 are important determinants of the growing season (Chen, Burke & Gusta, 1995) . 47
48
Low temperatures are important determinants of species distributions, with freezing 49 presenting major challenges to evergreen species in frost-prone climates (Sakai & Larcher, 50 1987) . Plants that tolerate freezing undergo seasonal change in acclimation which enables 51 living cells to tolerate the dehydration that accompanies extracellular ice formation (Xin & 52 Browse, 2000) . Dehydration occurs because ice has a lower vapour pressure and chemical 53 potential than pure liquid water at the same sub-zero temperature (and a similar pressure). 54
Specifically, the water potential of ice declines by 1.2 MPa for each 1 °C below the 55 equilibrium freezing temperature. Once the temperature of extracellular ice is lower than the 56 freezing point temperature of an intracellular solution, water diffuses from cells to sites of ice 57 formation, thereby dehydrating cells and their surrounding walls (Wolfe & Bryant, 1999) ). 58
The cellular damage that results from desiccation by freezing happens as a result of similar 59 mechanisms that result from equilibration with dry atmospheres. Coping with extreme 60 desiccation is thus fundamental to freezing tolerance. 61 relatively few studies have been undertaken regarding the low temperature tolerance and 87 survival of mosses, although it has been shown that moss can survive both liquid nitrogen 88 temperatures (-196 °C) (Bewley, 1973) and even liquid helium temperatures (0.05 °K) 89 (Becquerel, 1951) . In addition, the freezing tolerance of moss has been shown to increase with 90 the addition of the plant growth regulator abscisic acid (ABA) (Minami, Nagao, Arakawa, 91 majority of terrestrial ecosystems. The objectives of the present study were to characterize 103 structural changes in Ceratodon purpureus using cryo-SEM during a simulated freeze event. 104
Three basic cell types were studied in intact thalli: hydroids, parenchyma, and epidermal. In 105 addition, freezing temperatures were characterized by DSC and soluble carbohydrates 106 concentrations were measured by GCMS to determine the potential freezing point depression 107 of solutes. 108
Freezing treatments 118 119
Freezing treatments were applied to the moss using a Julabo FP45 temperature controlled 120 water bath (Julabo Labortechnik, Seelbach, Germany). The cryo-SEM preparation and 121 analysis necessitated the use of individual thalli. However, after freezing it became impossible 122 to remove individual thalli from the moss plug without causing damage. Hence each sample 123 set consisted of five moss plugs for PEA meter measurements and GCMS, and five individual 124 thalli for the cryo-SEM analysis. Both the moss plugs and individual stems were placed in 125 8ml (10mm internal diameter) Pyrex (Corning -Life Sciences, New York, USA.) test tubes. 126
Five replicates of both stem and plugs were used for each temperature. Within each set of five 127
replicates a thermocouple was placed in one test tube in contact with the moss and 128
temperatures were recorded using a Datataker DT500 (Biolab (Aust) Pty Ltd trading as 129
Datataker, Scoresby, Australia). The test tubes were suspended in the coolant bath at room 130 temperature ~ 20 °C and temperature was reduced to -1 °C at 2 °C/hour and held at -1 °C for 131 12 hours. Temperature was then reduced to -2 °C at 2 °C/hour and held for one hour while ice 132 was applied to each sample to simulate frost, instigate ice nucleation and prevent super-133 cooling (Webb & Steponkus, 1993 Perkin-Elmer (Norwalk, CT, USA) 10 µl Aluminium DSC pans and lids were weighed using 148 a Mettler Toledo MX5 balance. An individual moss stem was placed in a pan and the 149 pan/lid/sample were reweighed to obtain the sample (moss) mass. Moss stems were either 150 used fresh (i.e. in the hydration state when harvested) or were hydrated shortly before 151 experimentation, in which case excess water was removed with blotting paper. A Perkin 152
Elmer Pryis 7 DSC with intracooler was then used to obtain the DSC scans. The experimental 153 runs were started from either + 20 °C or + 40 °C (depending on the sample) and ramped to 154 either -20 °C or -40 °C at 10 °C per minute, then back to the starting temperature at the same 155 rate. The scan rate of 10 °C/min was not intended to be biologically relevant; whereby scan 156 rates of the order 2 °C/hour would be more appropriate. Rather, high scan rates are needed in 157 order to accurately measure the temperature and enthalpy of freezing events, which are not 158 easily measurable at physiologically relevant cooling rates. Preliminary tests using slow 159 cooling rates (0.2 °C/min) showed no discernable change in the transition temperatures. 160
161
This cycle was repeated to ensure consistency in the results. Only when the results from two 162 consecutive cycles were repeatable were they used for analysis. The Perkin-Elmer software 163 was used to determine the peak position, peak area and phase transition (ice nucleation) onset 164 temperature. Onset temperatures are found by extrapolating the tangent of the peak slope back 165 to the base line. Because the peak position can be dependent on the ramp rate, for these types 166 of experiments it has become standard practice to report the onset temperature rather than the 167 Although not previously imaged by cryo-SEM, the observations here are entirely consistent 231 with previous work (see (Hébant, 1977) and references therein). The advantage of using a 232
Cryo-SEM is that it enables imaging of hydrated samples (previous SEM instruments 233 necessitated completely desiccated samples), facilitating visualization of the location of water 234 (at the time of cryo-fixing). 1(a) . Some notable differences are that the cross-sectional area of the stem is reduced 255 resulting in the distorted appearance of the cross-section (it is no longer circular). In addition 256 the CS cells no longer contain water, they are quite clearly emptied (highlighted in Fig 2(c)) . 257
Accompanying the reduction in overall stem area is a reduction in the area of the IC cells, 258 shown in Fig 2(b) . The cell walls collapsed with the dehydrating cells (cytorrhysis) and 259 maintained contact with their neighboring cells taking on a jigsaw-like appearance, leaving no 260 space between the cells for ice to form. Another interesting feature is shown in Fig 2(d) , 261 where it appears that the OC cells have cavitated and now appear empty, much like the CS 262 cells, again suggesting they were water filled. Their area appears also not to have been as 263 affected by the cooling/desiccation. It could be possible their increased wall thickness inhibits 264 rapid volumetric changes resulting in cavitation and perhaps also the damage visible in the 265 cell walls (Fig 2(d) ). If the wall damage was due to desiccation then perhaps the orientation of 266 the wall damage, in all cases on the side of the cell closest to the exterior of the stem, 267 indicates directionality of water movement, towards the exterior of the stem (and the external 268 ice). 269 When the sample was cryo-fixed at -12 °C (Fig 4a) , the volumetric reduction was so severe 275 that none of the internal features of the stem were visible. It is likely that that the diamond 276 knife planning compounded this problem by "smudging" the surface of the section. Both the 277 shrinkage and smudging were greater in samples cryo-fixed at -20 °C (Fig 4b) . freezing. Figure 6 shows DSC scans for two samples of Ceratodon, one at an intermediate 304 hydration, (Fig 6(a) ) and one dry (Fig 6(b) ). For the hydrated moss (Figure 6(a) ) the cooling 305 scan (the lower curve) exhibits a peak corresponding to the freezing of water at ~ -12 °C. 306
Upon closer inspection it can be seen that there are two distinct peaks, a sharp peak at ~ -12 307 °C followed by a second broader peak. One possible interpretation of this difference may be 308 that the first peak corresponds to the initial freezing of the apoplastic water followed by a 309 much slower diffusion of symplastic water to sites of ice accumulation, as observed in leaves 310 of snow gum (Ball, Wolfe, Canny, Hofmann, Nicotra & Hughes, 2002). However, the fast 311 scan rates used in the present study means that movement of water would have been 312 insignificant during freezing. Instead, the sharp peak is most likely correlated to the freezing 313 of the water filled CS cells, which are homogeneous in both cell size and contents (water 314 only). The second broader peak is most likely due to freezing of the IC cells, which have 315 heterogeneity of both the size and contents, and thus would be expected to freeze at a range of 316 temperatures. 317 318 A fundamental difference between these DSC experiments and the water-bath freezing 319 experiments is that here the cooling took place in the absence of external ice; therefore the 320 moss did not desiccate during cooling. Figure 6( 
ice the moss preferentially desiccates during "freezing" temperatures; a scenario which is 324 replicated in Fig 6(b) . In this case the moss was used in a naturally dry state (mass fraction 325 water 0.05). Here we see no evidence of any phase change down to -20 °C confirming that 326 intracellular ice formation is unlikely to occur in dehydration states often found in nature. 327
Even in the worst case scenario, the intracellular freezing doesn't occur until well below the 328 minimum temperatures encountered in the region from which these mosses were harvested. 329
330
The accumulation of solutes is a common feature in a large number of freezing tolerant plants 331 (Koster & Lynch, 1992) having benefits in equilibrium freezing point depression (Wolfe & 332 Bryant, 2001 ) as well as a range of volumetric and osmotic effects (Wolfe & Bryant, 1999) . 333
Therefore another potential benefit afforded by a reduction in cellular volume is the rapid 334 increase of cellular solute concentrations. As sugars are common compatible solutes, GCMS 335 was undertaken to obtain a measure of sugar concentrations in Ceratodon. Figure 7 shows an 336 example of one of the total ion chromatograms with the main constitutes shown (upper panel), 337
with the mass spectrum of the major peak (sucrose) at 15.24 min shown in the lower panel. 338
The mass spectra were verified by running a series of sugar references (not shown). area reduced by 83 % resulting in a dramatic change in the shape of the cells after cytorrhysis 406 (Fig 4) . This is in contrast to the thicker walled OC cells which did not shrink during freezing, 407 a fact which may have contributed to their cavitation. 
Does freezing of Ceratodon occur under natural conditions? 452
The results of the present study suggest that freezing of Ceratodon would be unlikely under 453 natural field conditions. Winter acclimated thalli of Ceratodon supercooled to -12 ºC when 454 fully hydrated (Fig 6a) . The nucleation of ice at -12 °C occurred with a bimodal exotherm 455 suggesting initial freezing of water in hydroids, similar to the initiation of freezing within 456 vascular conduits of higher plants (Ball et al., 2002 , Hacker & Neuner, 2007 . However, 457 condensation of frost on external moss surfaces at warmer freezing temperatures under natural 458 conditions would dehydrate the moss, cavitating hydroids and further depressing intracellular 459 freezing temperatures (Fig 6b) . Thus, freezing is unlikely to occur within Ceratodon unless 460 hydrated moss cooled at rates too rapid for frost formation. In this way, the capacity for 461 supercooling combined with rapid dehydration would effectively reduce the probability of 462 internal ice formation, enabling Ceratodon to tolerate freezing temperatures by avoidance of 463 freezing even in cold alpine and polar climates. (Fig 4(a) , data bar = 100 µm.), and -20 °C (Fig 4(b 
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